Earthquakes occurring on September 12 (8.4 M L ) and 13 (7.9 M L ), 2007, in South and West Sumatra, Indonesia, respectively, damaged many buildings. This paper reports investigation results on damaged buildings in and around Padang, West Sumatra, and discusses the seismic performance of two reinforced concrete (RC) frame structures with unreinforced masonry (URM) brick walls.
Introduction
Sumatra Island, Indonesia is located close to a major earthquake fault line, where destructive earthquakes have occurred during the last three years. The greatest at 9.1 on the Richter scale (M L ), which caused a huge tsunami, occurred at Aceh, northern Sumatra Padang suffered moderate damage mainly due to the 2007 earthquakes of magnitudes 8. 4 and 7.9 M L . The authors investigated damage to buildings in Padang and nearby areas from October 15 to 19, 2007 to obtain specific data. The reconnaissance was carried out in collaboration with Dr. Yukiko Nakamura, Niigata University, Japan and Dr. Jafril Tanjung, Andalas University, Indonesia. This paper reports the results of our on-site investigation. Moreover, it discusses the seismic performance of reinforced concrete (RC) buildings with unreinforced masonry (URM) brick walls based on brief analyses as well as observed damage.
Brief Description of the 2007 Earthquakes of Magnitudes 8.4 and 7.9 M L
According to information provided by the U.S. Geological Survey (USGS) 1) , the epicenters of the magnitude 8. 4 2) , the earthquakes killed 25 persons, seriously injured 41, and lightly injured 51. The earthquakes collapsed two engineering buildings in Padang, and many other buildings were damaged in Bengkulu and West Sumatra. In Bengkulu, 7,050 residences collapsed, 10,522 were heavily damaged, and 35,041 were lightly damaged. In West Sumatra, 10,915, 10,505, and 14,392 residences suffered heavy, medium, and light damage, respectively. In particular, Pesisir Selatan, a coastal area, and Kepulauan Mentawai suffered the most severe damage.
Typical Building Damage in the Investigated Area
The first stage of the investigation was a preliminary damage survey in Padang city and nearby areas along the coast, as shown in Fig.2 ., which was carried out to observe typical buildings and their damage.
Most of the buildings can be classified into four types. 1. RC-frame + URM: RC moment-resisting frame structure with URM brick walls. 2. RC-tie + URM: URM brick structure confined with RC ties. 3. URM: URM brick structure. 4. TIM: Timber structure.
The former three types were popular in the city. On the other hand, the latter three were common in provincial areas.
T h e R C -f r a m e + U R M t y p e i s c o m m o n l y constructed for buildings of more than two stories. Concrete slabs or tile roofs are conventionally used for roofing. Several examples of typical damage were observed for this type: total collapse of buildings as The RC-tie + URM type is commonly applied for single-story residences or stores. In this type of building, slender RC columns and beams are provided along the perimeters of masonry walls. Major observed damage was shear cracking of walls. Moreover, this type generally has a corrugated iron roof as shown in Photo 2.(a), which is much lighter than a tile or concrete slab roof. Compared to Javanese residences with clay tile roofing, damaged by the Central Java earthquake, 2006
3) as shown in Photo 2.(b), light roofing seems to contribute to significantly reducing roof damage.
The URM type consists of brick walls without confinement and a wooden roof truss, which is supported by the walls as shown in Photo 3.(a). This type lacks adequate strength and ductility to resist earthquakes because it often suffers from out-of-plane failure of walls and a resultant total collapse due to roof fall. It is used particularly for residences. Major damage to walls observed during the investigation included complete collapse, shear cracking, separation at corners, and cracking around openings, as shown in Photo 3.
The TIM structure is a traditional residence, as shown in Photo 4. This type of structure usually has a traditional roof called a rumbia roof, which is made from rumbia tree leaves. Almost no damage was observed as shown in the photo. It seems to behave well because of its lightweight materials compared to other building types.
Detailed Investigation of Collapsed Building
The second stage of the investigation focused on one of the collapsed buildings in Padang, which was located at the eastern side of Jl. Veteran Damar as shown in Fig.2.(b) . A neighboring building survived the earthquakes as shown in Photo 5., nevertheless the structure type was the same as that of the collapsed building. Therefore, a further detailed investigation was conducted to compare damage grades and seismic performance. Structural details of both buildings were collected through on-site inspections and interviews with occupants as well as the owner.
Collapsed Building
The collapsed building was a three-story RC-frame + URM building constructed in 1980, which was used for a car showroom. It was constructed as a two-story building and then the third story was added. Based on photos taken just after the collapse, and information obtained from interviews, this building toppled toward the west, as shown in Photo 5.
This building had a regular plan as illustrated in Fig.3 . and Photo 6. As shown, the cross-sectional dimensions of columns were 350 × 400 mm for the first story and many spandrel walls were used as exterior walls.
Surviving Building
The surviving building is a three-story RC-frame + URM building, as shown in Photo 7., which in common with the collapsed building also has a regular plan as illustrated in Fig.4 . Details of the building, related to cross-sectional dimensions of structural components, arrangements of reinforcing bars, and damages to columns and walls, were collected to evaluate its damage grade and seismic performance. Damage to the colums was categorized into five classes according to Table 1 ., based on a reference of Nakano et al. 4) . The inspection results for the first story are indicated in Fig.4 ., and several examples of the classified columns are shown in Photo 8. These data were used for evaluating the damage grade of this building also based on the reference 4), which is summarized in Appendix A. As a result, the damage grade was classified as "moderate" for the first story. Table 2 . shows several structural parameters for collapsed and surviving buildings with their damage grades. The column and wall ratios (= gross crosssectional area of columns or walls/floor area) of both buildings are larger in the case of the surviving building, which is consistent with its lighter damage grade. In these buildings, however, many spandrel walls were used as exterior walls. Because they must have affected structural behavior during the earthquakes, another investigation was conducted as described below.
Relationships between Structural Parameter and Damage Grade

Seismic Performance Evaluation
Seismic performance of collapsed and surviving buildings was evaluated on the basis of the current Japanese standard 5) , which is briefly introduced in Appendix B. They were calculated in each direction only for the first story, where the most severe damage was observed to both buildings. In the analyses, however, the reinforcements in C2 and C3 columns shown in Fig.4 . were assumed to be equivalent to that in C1 because details of these columns could not be detected. The spandrel walls were considered to evaluate the clear heights of columns. Moreover, although the infill walls were considered as an analytical parameter, wing walls or walls with openings were neglected. Two calculations were conductedone with infills and one without infills. In the case of considering infills, their seismic performance was assumed as shown in Fig.5 . based on Reference 6).
In this study, seismic performance is represented as the relationship between lateral strength index, C and ductility index, F (refer to Appendix B). Fig.6 . compares the calculated performance of both buildings. Although the maximum strengths in the E-W direction were higher than those in the N-S direction for both cases, the collapsed building toppled toward the west as already mentioned. Therefore, ground motions were possibly more severe in the E-W direction.
Focusing on the E-W direction, the maximum strength of both buildings was about 0.17 according to the C index, from calculations without infills. These values are relatively low compared to the design strength in Padang. Moreover, although little difference was observed between the maximum strength of the buildings in the case of neglecting the infills, a distinct difference was obtained when considering them. This result indicates that the nonstructural infills significantly contributed to preventing the surviving building from collapsing during the earthquakes.
Conclusions
Post-earthquake investigation of building structures d a m a g e d d u e t o t h e S u m a t r a 8 . 4 a n d 7 . 9 M L earthquakes were carried out in Padang and nearby areas. This paper reports the investigation results, and verifies contributions of nonstructural infill walls to 2) Confined and simple masonry structures also suffered damage. Among these types, however, light roofing seems to have contributed to reducing roof damage. 3) On the contrary, almost no damage was observed in traditional timber structures. 4) One of the collapsed RC frame buildings in Padang was selected for a further detailed investigation. Damage grades and seismic performance of the collapsed building and its neighboring building were briefly evaluated. Differences between damage grades of both buildings could be verified through parametric analyses considering cases with and without infill walls. 5) These samples of earthquake-damaged buildings indicate that nonstructural infill walls can significantly contribute to the seismic performance of this type of structure.
Appendix A
In this study, the damage grade was determined according to the residual capacity index, R, calculated by Eq. 1 in Reference 4).
where, A j : total number of columns having damage class 0 through V, A org : total number of investigated columns, η j : seismic capacity reduction factor from Table 3 . where, C i : strength index of the i-th group of vertical members having the same ductility index, calculated using Eq. 3, C j : strength index of the j-th group having the same ductility index larger than that of i-th group, α j : effective strength factor (reduction factor) of the j-th group for considering differences between yield deformations of i-and j-th groups, Q ui : ultimate lateral load-carrying capacity of the i-th group of vertical members, Σ W: total weight of building supported by the story concerned.
The ductility index, F represents deformability of certain vertical members calculated according to structural specifications: member type, failure mode, strength, dimension, etc. This index for columns, excepting extremely short ones, ranges between 1.0 and 3.2, which corresponds to a lateral drift ratio of 1/250 and 1/30, respectively. 
